Introduction
Cdk9 is a cdc2-like serine/threonine kinase, isolated by screening a human cDNA library, using degenerated oligonucleotides, in order to identify Cdk-related proteins. It was originally referred to as PITALRE because of its homology with the PSTAIRE motif of cdc2 (Gran˜a et al., 1994 ; for a review see de Falco and Giordano, 2002) . Cdk9 is a 43 kDa protein; its deduced amino acid sequence contains the 11 conserved regions characteristic of protein kinases' catalytic domain (Hanks et al., 1988) . Its expression is ubiquitous, and is greater in terminally differentiated tissues, suggesting a role for this kinase in specialized functions in the cell (Gran˜a et al., 1994) . Cdk9 maps to chromosome 9q34.1 (Bullrich et al., 1995) , a region involved in non-random chromosome alterations, such as T-cell non-Hodgkin's lymphomas, bladder tumors and several myeloproliferative disorders (Offit et al., 1993; Orlow et al., 1994) . Cyclin partners of Cdk9 are members of the family of the T cyclins (T1, T2a and T2b) (Peng et al., 1998) and cyclin K (Fu et al., 1999) .
The complex Cdk9/cyclin T belongs to the positiveacting transcription elongation factor (P-TEFb), which supports basal transcription elongation (Zhu et al., 1997) . This complex was isolated from Drosophila (Zhu et al., 1997) ; it functions by hyperphosphorylating RNA Pol II Carboxyl-Terminal Domain (CTD) and preventing polymerase arrest (Marshall et al., 1996) . The kinase activity of the complex is due to Cdk9, because when the kinase is immuno-depleted from cell extracts, basal transcription is abolished and can be restored after addition of Cdk9 (Zhu et al., 1997; Zhou et al., 1998) . Interestingly, P-TEFb has been shown to interact with the HIV protein Tat, suggesting that it may be a direct target of Tat (Zhu et al., 1997; Herrmann et al., 1998) and thus opening new possibilities for better understanding HIV replication.
In order to identify new partners for Cdk9, we screened a mouse embryonic library in the yeast twohybrid system; this led to the identification of TRAF-2, the signal transducer of tumor necrosis factor (TNF), as a partner of Cdk9 (MacLachlan et al., 1998), suggesting a role for Cdk9 in signal transduction. We started analysing whether Cdk9 may interact with other receptors involved in signal transduction. Cdk9 is involved in neural (Bagella et al., 1998) and lymphocytic (Herrmann et al., 1998) differentiation programs, and it has an active role in HIV replication ). In addition, Cdk9 protein level and TAK activity increase in response to cytokines, such as TNFa and IL-6, in resting CD4 + T lymphocytes isolated from infected individuals . Therefore among the cytokines we focused our attention on IL-6, which is involved in neural development, in the proliferation of the transformed cells such as myeloma and plasmacytoma cells, and in viral infections, including human immunodeficiency virus (HIV) (Nakajima et al., 1989; Akira et al., 1993) . We identified gp130, the transducer of the IL-6 family of cytokines, as a possible candidate for Cdk9 interaction and we tested whether such an interaction may occur both in vitro and in vivo.
We found that Cdk9 interacts with gp130, the signal transducer shared by several cytokines, including LIF, OSM, IL-11, CNTF and CT-1, which comprise the IL-6 family of cytokines (Kishimoto et al., 1994) . IL-6 is a key regulator of hematopoiesis, immunological responses and inflammation. In addition, IL-6 plays a major role in the endocrine and nervous systems. After the release of IL-6, the cytokine interacts with its receptor (IL-6R); the IL-6/IL-6R complex recruits gp130 (Taga et al., 1989) and induces homodimerization of gp130 via disulphide bonds (Murakami et al., 1993) . Dimerization itself is not enough for the signaling (Murakami et al., 1991) . No obvious enzymatic motifs have been found in the structure of gp130 Ulrich and Schlesinger, 1990) . Gp130 utilizes receptor-associated tyrosine kinases of the Janus family (Jak) . A few downstream mediators of gp130 signaling have been identified, including adapter molecules which link gp130/Jak2 activation with the Ras/ MAP/ERK pathway and which may be involved in the threonine phosphorylation of C/EBP/NF-IL-6 induced by IL-6 .
In addition, signal transduction and activation of transcription (STAT) factors are activated following IL-6-gp130 signaling and directly regulate the transcription of a specific set of genes (Ihle, 1996) . We found that Cdk9 binds to gp130 both in vitro and in vivo. In addition, Cdk9/gp130 complexes increased upon IL-6 stimulation and resulted in the activation of an IL-6-responsive reporter plasmid. These results suggest that Cdk9 may be involved in signaling by IL-6, thus pointing to an undisclosed role for Cdk9 in gp130-mediated signal transduction.
Results

Cdk9 interacts in vitro with gp130
We identified gp130 as a candidate for interaction with Cdk9. We investigated whether Cdk9 was able to interact with gp130, in vitro and in vivo. Cdk9 was in vitro translated and tested for binding to GST-gp130 or to the GST portion alone, used as a negative control. As shown in Figure 1a , an interaction between gp130 and Cdk9 was observed, while no interaction with GST alone was detected. To further assess the in vitro binding of gp130 and Cdk9, we used a baculovirus expression plasmid that allows the in vitro expression of Cdk9 in an eukaryotic system. Cell extracts expressing the baculovirus-derived Cdk9 were used in pull-down experiments with GST -gp130, using GST as a negative control. In these experiments, a specific interaction between Cdk9 and gp130 was also observed (Figure 1b) . In addition, cell extracts obtained from a human B-cell line, previously engineered to constitutively express high levels of both of the IL-6 receptor and gp130 , was used in a pull-down experiment with GST -Cdk9, followed by a Western blot with antigp130. As shown in Figure 1c , a strong signal of interaction between Cdk9 and gp130 was observed, while no interaction occurred with GST alone.
Cdk9 and gp130 interact in living cells
To confirm the binding between Cdk9 and gp130 in living cells, we checked for endogenous interactions in 293 cell extracts. After pre-clearing with normal rabbit serum, proteins were immunoprecipitated with antiCdk9 Ab and analysed by Western blotting with antigp130. As shown in Figure 2 , endogenous gp130/Cdk9 complexes were detected in these experiments, indicating that this interaction normally occurs in cells.
Cdk9 is expressed both in the nucleus and in the cytoplasm
Cdk9 has been described previously as a nuclear protein (Gran˜a et al., 1994) . If Cdk9 has an exclusive nuclear localization, it would be difficult to explain its interaction with gp130, which is a trans-membrane protein. Cell fractionation was performed and the integrity of the nuclei was analysed by staining with Trypan blue or by electron microscopy. By these criteria, the isolated nuclei were intact with no detectable cytoplasmic fraction (data not shown). Both nuclear and cytoplasmic fractions were analysed by Western blot with anti-Cdk9 Ab. As shown in Figure  3 , Cdk9 is expressed in both cell compartments, consistent with its binding to gp130 in the cytoplasm.
The binding between Cdk9 and gp130 is increased upon IL-6 stimulation
We next tested whether the binding between gp130 and Cdk9 could be enhanced after IL-6 stimulation. 293 cells were demonstrated to normally express IL-6 receptor and to be responsive to IL-6 (von Laue et al., 2000) . gp130 and either HA-Tagged Cdk9 or its dominant negative form were overexpressed in 293 cells. Thirty-six hours after transfection, cells were stimulated with IL-6 at 200 U/ml, for time periods ranging between 0 and 10 min. Cell extracts were precleared with a normal mouse serum and were subjected to immunoprecipitation with an anti-gp130 antibody, followed by Western blot with an anti-HATag. Figure 4 shows a constitutive binding between Cdk9 and gp130 which increased after IL-6 stimulation, peaking at 5 min. No significant variation in the binding was detectable in the case of a dominant negative mutant of Cdk9, suggesting that the observed interaction does not depend on the enzymatic function of the kinase.
Cdk9 synergizes with IL-6 in inducing the activation of a NF-kB reporter plasmid
To understand the physiological meaning of the interaction occurring between Cdk9 and gp130, we tested the possibility that Cdk9 could participate in the IL-6-induced activation of a NF-kB reporter plasmid. A plasmid carrying a NF-kB-driven luciferase reporter gene was co-transfected with either Cdk9 or its dominant negative form in 293 cells, followed by IL-6 stimulation. In these experiments, Cdk9 was able to activate the NF-kB reporter gene in the absence of IL-6 stimulation ( Figure 5 ). Moreover, a substantial Figure 1 (a) Cdk9 and gp130 interact in vitro. Cdk9 was in vitro translated and 2 ml were used for in vitro binding with GSTgp130. The GST portion was used as a negative control. One ml of the in vitro translated protein was loaded as a control. It is possible to see a specific binding between GST -gp130 and Cdk9, while no signal is observed with the GST portion alone. (b) gp130 interacts with Cdk9 from baculovirus. The in vitro binding between Cdk9 and gp130 was further confirmed using a Cdk9 from baculovirus. Cell extracts containing baculovirus Cdk9 were subjected to a pull-down with GST -gp130, using GST as a negative control. The Western blotting with anti-Cdk9 shows that the two proteins interact in vitro. CE, Cell extracts. (c) GST -Cdk9 interacts with gp130 from cell extracts. Cell extracts from De Few IL6R/gp130, a cell line overexpressing both chains of the IL6 receptor, were used for a pull-down with GST -Cdk9, using GST as a negative control. The pull-down was followed by Western blotting with anti-gp130. The result shows an interaction between gp130 and GST-Cdk9, while no signal is observed in the GST lane. CE, Cell extracts 
Discussion
Cdk9 has been described as a multifunctional kinase, exerting a leading role in transcription by acting as the kinase subunit of the p-TEFb complex (Zhu et al., 1997) , promoting transcriptional elongation by phosphorylating the carboxyl terminus of RNA Pol II, and converting it into the active form (Marshall et al., 1996) . Data support an involvement of Cdk9 in cell differentiation. Cdk9 and cyclin T2a appear to be involved in myogenic differentiation, as demonstrated by the fact that their expression levels and activity are not down-regulated during muscle differentiation (Simone et al., 2002) . Overproduction of cdk9/cycT2a enhances MyoD function and promotes myogenic differentiation, while inhibition of cdk9 kinase activity by a dominant negative form prevents the activation of the myogenic program (Simone et al., 2002) . In addition, Cdk9 seems to participate in the differentiative program of neurons (De Falco, personal communication).
Cdk9 seems to be required also for the differentiation of monocytes. In these cells, in fact, upon induction with PMA, there is a strong induction of mRNA for cyclin T1 (Herrmann et al., 1998) . In monocytes, there is an induction of TAK activity upon PMA induction (Herrmann et al., 1998) . This suggests that cyclin T1 may act as a regulatory element for TAK activity in these cells and may be involved in the differentiation program of monocytes (Herrmann et al., 1998) .
In addition, Cdk9 seems to have an anti-apoptotic effect in specific cell lines. Monocytes overexpressing the dominant negative form of Cdk9 undergo apoptosis, especially after induction with PMA (Foskett et al., 2001) . This suggests that Cdk9 may have an antiapoptotic function during monocyte differentiation, due to a direct role of Cdk9 in an apoptosis pathway or to a block in the differentiation program of monocytes by the loss of kinase activity of Cdk9 (Foskett et al., 2001) . This may suggest that P-TEFb regulates the expression of genes that oppose apoptosis or that Cdk9 kinase activity is necessary for monocyte differentiation (Foskett et al., 2001 ). Cdk9 and cyclin T1 mRNA and protein levels, in fact, increase following peripheral blood lymphocyte activation (Herrmann et al., 1998) . When monocytes differentiate to macrophages Cdk9 expression level remains constantly high, while cyclin T1 is regulated at post-transcriptional level (Herrmann et al., 1998) . In addition, Cdk9 participates in the differentiation program of lymphocytes . Taken together, this information establishes a link between Cdk9 and hematopoiesis.
Cdk9 has been identified as the kinase required for HIV-1 Tat to efficiently promote HIV-1 gene expression Yang et al., 1997) . In this regard, our finding that the gp130/Cdk9 complex is activated by IL-6 stimulation may shed light on the known capacity of IL-6 to stimulate HIV-1 replication in latently infected cells (Chun et al., 1998) .
Cdk9 expression has been reported to be very high in hematopoietic lineages (de Luca et al., 1997) . We describe here for the first time the Cdk9 interaction with gp130, the transducer of the IL-6 family of cytokines, which suggests a role for the observed expression of Cdk9 in these lineages. Consistent with the above observations, a deregulated gp130 signal transduction induced by cytokines, such as IL-6, leads to a tumorigenic phenotype. Signal transduction occurs through interaction of gp130 with several proteins, such as Shc proteins , Jak kinases and STAT factors (Ihle, 1996) , and depends upon different incoming stimuli. The pleiotropic function of gp130 may require the recruitment of additional transducer proteins. We found that Cdk9 interacts with gp130, both in vitro and in vivo in human cell lines under physiological conditions. We used several approaches to demonstrate the occurrence of this binding. Up to this time, serinethreonine kinase Cdk9 has been described as a nuclear protein, which is able to enter the cytosol only after a differentiating stimulus . Our results extend these observations by showing the Figure 3 Cdk9 is present both in the nucleus and in the cytoplasm. 293 cells were fractionated into cytosolic and nuclear fractions. The extracts were subjected to a Western blot with anti-Cdk9. The result shows that Cdk9 is present also in the cytosolic fraction. The bottom part shows the Western blotting of the two fractions with anti-tubulin, used as a control of the purity of the extracts presence of Cdk9 in the cytosol in unstimulated cells. We also observed an increased recruitment of Cdk9 to gp130 following IL-6 stimulation in other experiments, suggesting that gp130/Cdk9 complexes may participate in the IL-6-activated metabolic pathways. Consistent with this possibility, we took advantage of plasmids expressing either a wild-type or a negative transdominant Cdk9 to show that expression of Cdk9 mediates the IL-6 activation of an NF-kB-reporter plasmid. The Cdk9/gp130 complex formation does not require the involvement of cyclin T1, the cyclin partner of Cdk9: cyclin T1, in fact, has an exclusively nuclear localization, where it is complexed to Cdk9 (Napolitano et al., 2002) . Cdk9, on the contrary, is also present in the cytoplasm, where binding with gp130 occurs.
Interleukin-6 (IL-6) is a key regulator of hematopoiesis, immunological responses and inflammation. In addition, IL-6 plays a major role in the endocrine and nervous systems. IL-6 is involved in regulation of biological activities, like stimulation of bone marrow precursor cells, immunoglobulin production, stimulation of T and B cell proliferation, and induction of acutephase protein synthesis ). An additional role has been described for IL-6 in neural development, in proliferation of transformed cells such as myeloma and plasmacytoma cells, and in viral infections, including human immunodeficiency virus (HIV) infection (Nakajima et al., 1989; Akira et al., 1993) .
The IL-6 receptor complex shares a signal transducer subunit, gp130, with a set of cytokines which include Leukemia Inhibitory Factor (LIF), Oncostatin M (OSM), Ciliary Neurotrophic Factor (CNTF), Interleukin-11 (IL-11) and Cardiotrophin (CT-1).
The metabolic pathways activated by gp130 engagement lead to the activation of transcription factors, such as NF-kB/rel and NF-IL-6/CEBP required for cell survival and for proper organ development, including bone marrow, liver and heart; thus, mice with a homozygous deletion of gp130 are not viable. gp130 contains no obvious enzymatic motifs in its structure Ulrich and Schlesinger, 1990) , and uses receptor-associated tyrosine kinases of the Janus family (Jak) . Jak2 kinase is constitutively pre-associated with gp130. After IL-6 release, Jak2 becomes phosphorylated in tyrosine, is activated, and then phosphorylates tyrosine residues of the gp130 cytoplasmic domains .
The data present new insights about the signal transduction by Cdk9, whose activity is mediated by physical interaction with gp130, resulting in the transcriptional activation of cellular and viral genes.
We previously showed that Cdk9 interacts with TRAF-2 . This interaction occurs with a conserved WKI amino acid motif present in the TRAF domain of TRAF-2, a domain essential for both kinase interaction and for NF-kB activation Figure 4 The binding between Cdk9 and gp130 increases upon IL-6 stimulation. 293 cells, transfected with gp130, Cdk9-HA Tag and dnCdk9-HA Tag, were stimulated with IL-6. The extracts were immunoprecipitated with anti-gp130 and subjected to Western blotting with anti-HA Tag. The figure shows a constitutive binding between Cdk9 and gp130 that increases upon IL-6 stimulation, with a maximum at 5'. No significant difference in the binding was observed using the dominant negative form of the kinase (dnCdk9). The lower part shows the Western blot of the immunoprecipitated sample with anti-gp130. NMS, normal mouse serum; CE, cell extracts . In addition, Cdk9 showed a mild synergism with TNFa in activation of NF-kB. The dominant negative form of the kinase decreased the TRAF-2 and TNF-induced NF-kB activity. These results suggested a novel role for Cdk9 as being involved in specific pathways of signal transduction.
Collectively, our observations establish a novel functional link between a major cytokine signal transducer, gp130, and the emerging role of Cdk9 in signal transduction. Moreover, because of the pleiotropic activities of the gp130-utilizing cytokines, such as IL-6, LIF, OSM, CNTR, IL-11 and CT-1, the results point to an extensive role for Cdk9 as a regulator of immune response, inflammation and cell differentiation.
Materials and methods
In vitro binding
In vitro binding conditions have already been described ( De  Falco et al., 2000) .
Construction of the baculovirus construct
The construct for baculovirus expression was made in PVL1393, originating from the vector pAC-93SV (Invitrogen, CA, USA), cloning Cdk9 in the BamHI/PstI sites. After the infection, cells were washed in PBS, collected and protein expression was checked by Western blot.
In vitro binding with extracts from baculovirus
For the binding, baculovirus extracts prepared in PLC/LB (50 mM HEPES pH 7.5, 150 mM sodium chloride, 10% glycerol, 1% Triton X-100, 1 mM EGTA, 1.5 mM magnesium chloride, 100 mM sodium fluoride, 10 mM sodium pyrophosphate and 10 mg/ml aprotinin, leupeptin and phenylmethylsulphonyl (PMSF)) were incubated with GSTgp130 O/N, then washed 56 with PBST, boiled and run on SDS -PAGE. The gel was transferred to a nitrocellulose filter and subjected to Western blotting.
Immunoprecipitation and Western blot
Monoclonal anti-gp130 was kindly provided by IRBM. The antibody (Ab) was used at a dilution of 1 : 1000 in Western blot. Anti-Cdk9 has already been described (De Falco et al., 2000) . The antibody was affinity purified and used at a dilution 1 : 300 in Western blot. The polyclonal anti-HA Tag (Santacruz) was used at a dilution 1 : 3000 in Western blot. Immunoprecipitation and Western blotting conditions have been described (De Falco et al., 2000) .
Cell fractionation
To separate the cytosolic fraction from the nuclear, cells were washed in PBS and resuspended in RSB buffer (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 ). After 20 -30 min in ice, cells were homogenized using a 27G needle syringe and were centrifuged for 10 s at 14 000 r.p.m. Supernatant constituted the cytosolic fraction. Nuclei were washed in PBS and were resuspended in buffer C (20 mM HEPES pH 7.9, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol). Samples were incubated for 40 min in ice, then centrifuged for 5 min at 14 000 r.p.m. Supernatant constituted the nuclear fraction.
Cell lines
293 cells (obtained from ATCC) were grown in DMEM supplemented with 10% FBS, L-glutamine. De Few IL6R/ gp130 cells, grown in RPMI supplemented with 10% FCS, have already been described .
Plasmids
The plasmid pZipNeo/gp130 has already been described . pcDNA3.1/Cdk9-HATag and pcDNA3.1/dnCdk9-HATag have been described (De Falco et al., 2000) .
Overexpression in 293 of Cdk9 and gp130
Transfections were performed using the calcium phosphate kit of Invitrogen following the conditions suggested by the manufacturer.
IL-6 stimulation of the cells
Transfected cells were stimulated 36 h from transfection with human IL-6 (Boehringer, IN, USA), at a concentration of Figure 5 Cdk9 synergizes with IL-6 in inducing the activation of an NF-kB reporter plasmid. 293 cells were co-transfected with a plasmid carrying a NF-kB-driven luciferase reporter gene, and either Cdk9, or its dominant negative form, followed by IL-6 stimulation. In the absence of IL-6 stimulation Cdk9 was able to activate the NF-kB reporter gene. After stimulation with IL-6, a substantial increase of luciferase activity was observed in cells transfected with Cdk9. Instead, expression of a dominant negative form of Cdk9 led to a decrease in the base-line luciferase activity and dramatically reduced the luciferase gene expression in IL-6-stimulated cells. Two mg of each plasmid were transfected, the assay was performed in triplicate and was repeated five times. Standard deviation for each transfection was less than 3% 200 U/ml, for 0, 2, 5 and 10 min. Cells then were pelleted, and extracts were prepared as described above.
Luciferase assays
The conditions used for the assay have already been described (De Falco et al., 2000) .
